Water table management
_ for field-sized areas
In the Atlantic Coastal Plain

By Adel Shirmohammadi, C. R. Camp, and D. L. Thomas

ET <ol conditons caused b
shallow water tables were the pn
mary reason lor development and

use of drainage ssstems i humd regrons

In the castern United States, precipitation i

excess of evapotransprration during o siemti

cant portion ot the vear causes the ground
water level o rise mto the root zone: Shallow
waler tables severely restrict agneultural
production on about halt of the Atlanue

Coastal Plain.

and poor naturad dramage create anoes

cessine sorl-water condition that severceh

I'hese shallow water tables

hmits field cultaral acovities delavs plant
g, and restricts crop growth and sub
sequent production

In most hunid regions. wet aernicaltural
soil conditions during winter and carhy
spring are followed by onternuttent dry
I'his

necessitdtes irrigation for consistently prot

periods durmg the growing season
table crop growth and production Low
water-holding capacities of sosls i the At
fantic Coastal Plam cause sonl moisture deti-
ciencies whenever there is no ramnfat] orar-
rigation during relatively short ume periods
(5-10 days)y This hus caused serious crop
production losses in recent vears

Humid regions wath these charactens
tues—wet during winter and the carly part
of the grow ing season and dry duning much
of the growing scason  require improved
In arcas with sustable
topography und soil type. water table man
agement many  advantages.  Such
systems are known by various names

water management
otters

drainage. controlled dramage. drainage-sub
irrigation. controlled drainage-subirnigation.
controtfed and reversible drainage. and Irri-
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Dram. Subirnigation as a method of irriga-
ton was first used inoarcas of Flonda,
Michigan, and western Indiana (33).

Rescarch toimprove water table manage-
ment was given considerable emphasis in the
United States duning the 1970s tdeas
devetoped by Schwaby (200 and van Schilt-
saarde c21 led o mmproved svstem develop
ment by these samie researchers and others
o 82N

The Food Securnty Act of 1985 empha-
sized the environmental problems created by
aencultural expansion in the 1970 and it
chimmated mdirect tederal incentives o con-
vert wetland mto cropland under the swamp-
buster provision. Heimhich and Langner (/6)
concluded that the socral benefits of drain-
my wetlands tor cropland are likely to be
sero or negative under the current ¢rop sur-
plus conditons. This may be a legitimate
coneern, given the tact that even draimage of
present agncuftural land during the wet por-
tion of the year may have negative environ-
mental impacts. Water table management
with controlled drainage or controlled drain-
age-subirrigation not only prevents indis-
crimmnate drainage of land but it actually
provides water gquality henefits by promoting
anacrohic sctivines of denitrifying bacteria
Associting water table management on ex-

sty agricuhural land wath wetland draimn-

ages theretores may be misleading
Field-sized systems

Water table management started with the
concept of lowering shallow water tables in
wet areas o improve trafticability, Man-
made surface drainage systems were in-
stalled in the early days of farming by dig-
ging turrows and ditches (24). More recent-
ly. many open ditch systems have been
replaced by subsurface drains. Although
subsurface drains were known n the 17th
century. subsurface drainage in the 18th and
19th century was carried out mainly with

open ditches and subsurface drains made of

locally available materials. These materials
were laid in the bottom of trenches. which
were backfilled with soil after installation.
Examples of material used as drains are
brushwood, stone culverts. turt., wooden

boxes. bamboo pipes. and rice straws
Maodern subsurface drinnage maeriabs m
clude cliy or concrete ule and corrugated.,
perforated plastic tubing. Uise of plastic wib
with 1947495 ¢

search, an which he installed several ticld

g started Schwab's
cxpennenis using polvethylene plastic tubes
of vartous diamieters and wall thicknesses
(20, De Jager conducted dramage expern
ments in The Netherliands with polvethyiene
tubes pulled o mole drams (5 He aban
doned i studies because of sifiaion prob
lems that led o the cloggimg of the tube per
torations - durmg anstallation Bxtensne
rescarch and development on corrugated
polvethy lene plustie tubing and Laser-con
trolled. plow sy pe installation cquipment
was conducted mothe United States dunne
the 1960s and curly 19705

Water table management tor tlood control
or for miproved agricultural production has
progressed from the concept of drimage
alone to that of controlfed dramage and con
trolled  drammage-subirmgation  (combined
drainage and subirrigation). Fox and asso
ates studied the design ot subirnigation
svstems with respect o steady water table
control (two teet below the sonl surtace) over
and nidway between the drins (73 To ae
count tor the ettects of chimate and soibs
Skuages used a maodel o evaluate dramage
water table control svstems for shallow water
tuble conditions on two sotls 1in the hunnd
castern United States (26) That model.
DRAINMOD 27y, ¢evaluates the pertor-
mance ot 4 proposed design using histonical
weather records. The model has been tested
and North Caroling. Ohio,
Flonda. Lowsiuna. Georgia, and other parts
of the United States under vanous chimato-
logical and soil condittions. Other work by
Skaggs (281 demonstrated that system opera

veritied for

tion during both dramnage and subirngation
should be considered insvstem design
As effectiveness and design considerations
for controlled dramage-subirrigation were
established. rescarch wus directed toward
evaluating other important characteristics,
such as water and energy use efficiency. Do-
ty and Parsons showed that subirrigation on
a controlled dramage-subirrigation system
provided nearly all the water required by




Wet soil conditions in the Coastal Plain,
as in this South Carolina field (top).

have been overcome by conventional
drainage—old clay tile (middle. left) or
modern plastic tubing—and by new water
table management systems. such as
controlled drainage (bottom).

corn during twa growang seasons (/3
Strickland and associates compared the
water and energy reyuirenients of controlled
dramage-subrrrigation and center-pivot i
nganon systems lor producing corn (30
Fhe two svstems were Jocaied on sl
fields five mudes apart me South Curoling
Ihe total water upplicd o the subtrrieation
ste was about 23 anches per crop e
areater than was applicd (o the center pryot
site. Subirnigation required only 23 pereent
of the energy used By the center prvot
swstem. Worm and sissociates pertormed an
ceonomie . evaluation ol the same two
Sems () For two sroninge seasons, corn
vields on the subirmigauon fickd averaged 1536
bushels peracre. 43 percent bigher than the
vields on an adjacent nomrreated field tha
averaged 107 bushels peracre Corn vields
un the center-pivot site and adyacent nonr-
rigated areas were 170 bushels per aere (25
percent highery and 136 hushels per acre,
respectively. They concluded that. tor the
conditions studied. subrrrigation was @ bet-
ter invesument than center-pivot Irriganon
Shirmohammadi and associates found that

controlled dramage-subirnigauon svstems. f

properly designed. could save up 1o SS8 per
aere and S32 per acre compared 1o center-
prootdrainage and traveline-vun dramage
SVSES, respectinety (22

The impact of water whie Nunagement on
water quality has been studied on g limited
scope. primaridy i North Caroling - Ap-
pheability of the resulis trom North Caroling
W other states. however, s now being in-
vestigated. Since the 1970, cmphasis has
been placed on nonpamt-source pollution.
Most states prepared agricultural water
quality plans that recommended certain best
Management practices {BMP be installed
onagricultural fields and suggested that their
1mpact on water quality be cvaluated (/18).
Drainage alone was not considered as a
BMP because of the luck of reliable water
quality data for these svatems. Research on
a limited scale has attempred 10 address
water quality concerns related to conven-
tional (surface and subsurface) drainage and
other forms of water table management,
however. Subsurface dramage reduced total
potassium and phosphorus losses in outflow
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water on a clay loam soil in southern Louisi-
ana (2). Total nitrogen decreased slightly,
but the data were sufficient for a definite
conclusion. Gilliam and associates reported
that controlling the water table throughout
the year in muck and clay soils of North
Carolina possibly increased denitrification
and reduced the nitrogen leachate from the
study site (/4). Subsurface drainage also has
been reported to result in a 10-fold increase
in nitrate-nitrogen, but controlled drainage
can reduce this to a fivefold increase for
similar situations. Nitrate-nitrogen concen-
trations were less than 10 parts per million,
the U.S. Environmental Protection Agency
health standard for drinking water, for all
outflow samples on Flatwood’s soils in south
Georgia, although groundwater samples
within the fields exceeded this limit (3/).

Systems in use

Water management alternatives for humid
regions may be categorized as drainage

Schematic of a water table management
system. External source of water is
necessary for subirrigation phase.
Precipitation is the only water supply
used for controlled drainage.

alone—surface drainage and subsurface
drainage-—and water table control—con-
trolled drainage and controlled drainage-
subirrigation. System selection depends
upon such factors as soils, topography,
climate, intended use, and farm economy.
Farm-scale water management systems in
the Atlantic Coastal Plain traditionally con-
sist of open ditch systems. Ditch spacings
vary on the basis of soils and other site con-
ditions; commonly, 300 to 600 feet in most
areas. Depth, length, and cross-section of
ditches also depend upon site conditions.
These systems generally provide good sur-
face drainage and reduce shallow water table
elevations. But they often cause erosion and
nutrient loss during high runoff periods.
Such practices as embankment stabilization
or ditch lining may help to reduce erosion.
Also, open ditch systems require more land
area, limit farm traffic, and can result in
yield reduction. If ditches are excessively
deep. drainage from adjacent soil profiles
can cause deficit soil-water conditions dur-
ing droughty perinds and significantly
reduce yields. Stream or channel water level
control may be required in such cases (5).

Subsurface drainage generally is accomp-
lished using underground conduits, which
have been constructed of many different
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materials during their historical development
(24). Corrugated and perforated plastic tub-
ing is used commonly today to remove water
from the root zone by lowering the shallow
groundwater level. These tubes also may be
used to perform controlled drainage and
controlled drainage-subirrigation. Tubes,
ranging in size from four to six inches in
diameter, are placed three to five feet below
the soil surface at a spacing appropriate for
the soil and site conditions and for the in-
tended purpose, ranging from 50 to 200 feet.

Water table management strategies in the
Atlantic Coastal Plain can be grouped into
three categories: subsurface drainage, con-
trolled drainage, controlled drainage-sub-
irrigation.

The first category, subsurface drainage
alone, mainly lowers the water table during
wet periods until an equalibrium condition
exists, governed primarily by drain depth.
Drainage is accomplished by open ditches
or subsurface conduits. In the eastern United
States, supplemental irrigation water from
a surface system often will be required dur-
ing drought periods with this system because
the water table drops below the drain-line
depth. However, when drainage and irriga-
tion are both required during part of the
year, it may be more feasible to consider a
combined drainage and subirrigation system,
if site characteristics permit it.

Controlled drainage is achieved by plac-
ing a controt structure, such as a flashboard
riser, in the outlet ditch or subsurface drain
outlet to control the rate of subsurface
drainage. No supplemental water, other than
rainfall, is added to the system. With this
system, the water table drops below a pre-
set level as evapotranspiration and natural
drainage occur. As the water table continues
to drop, it may reach a level too low to sup-
port crop growth if rainfall or irrigation does
not occur. Eventually, this may result in crop
stress and reduced yield.

The third option, controlled drainage-
subirrigation, may be the most economical
and feasible method for the shallow water
table conditions in the eastern United States.
This system is similar to the controlled
drainage system, except that supplemental
water is pumped into the system to maintain
the water table at a present level during
drought periods. This system provides
drainage during wet periods by allowing ex-
cess water to flow over the control structure,
which may also be adjusted in elevation
depending upon rainfail amounts. It also
provides irrigation to maintain the water
level at the control structure, which may also
be adjusted to a higher elevation if necessary
by introducing supplemental water into the
system. Therefore, water will flow from the
outlet ditch into the drain lines and the soil



profile during subirrigation and from the soil
profite and drain lines into the ditch and over
the control structure during drainage.

System design

To design a successful and efficient water
table management system, five tasks must
be peformed: preliminary evaluation and
feasibility of the site, detailed field investiga-
tion, design computations, system layout and
installation, and operation and management.
Evans and Skaggs (7) provide a detailed dis-
cussion of each of these tasks.

Preliminary evaluation and feasibility of
the site. Six site characteristics should be
considered for successful performance of
water table management systems:

1. Drainage characteristics. The site must
require improved subsurface drainage to
remove excess water that otherwise would
restrict farm operations and crop growth.
Soils classified as ‘“‘somewhat poorly
drained,” ““poorly drained,” and *‘very poor-
ly drained™ are prime candidates for water
table management. Soil Conservation Ser-
vice soil survey manuals provide soils maps
and classifications for each state within the
Atlantic Coastal Plain.

2. Topography. Surface slopes should not
exceed one percent for the system to be eco-
nomically feasible. As the slope increases,
more control structures are necessary to
maintain a uniform water table.

3. Barrier. A shallow natural water table
or shallow impermeabie layer within 6 10 20
feet of the soil surface should exist for con-
trolled drainage or controlled drainage-
subirrigation systems to perform sufficiently.
The deeper the barrier, the larger the volume
of water required to fill the soil profile and
raise the water table during rrigation.

4. Hydraulic conductiviry. Moderate to
high soil hydraulic conductivity values
(about K, >1.9 cm/hr) are required for ef-
ficient system performance and timely water
table response, especially in the subirriga-

tion mode. Soils with low hydraulic conduc-

tivity values require closer tile spacings,
which will increase system cost and reduce
its cost effectiveness. Hydraulic conductivity
values reported in the SCS Soils 5 sheet
series may be sufficient for preliminary
planning. A detailed measured hydraulic
conductivity data is necessary to compute
the system design, however.

5. Drainage outler. A good gravity or
pumped drainage outiet is needed to provide
adequate flow capacity for expected peak
discharges. For gravity flow systems, the
drainage outlet should be 4t least four feet
below the average land surface (7). A sump
equipped with an appropriate pump may be
constructed to collect the surface and sub-

surface drainage flow where an adequate
natural drainage outlet is not present.

6. Water supply. An adequate water supply
must be available for the subirrigation mode.
Location, quantity, and quality of the water
must be taken into consideration during the
planning stage.

A preliminary evaluation of the site pro-
vides a basis for estimating the cost of the
proposed system, which is a necessary step
before completing the remaining design
steps. A design engineer must discuss the
assessments made during this first phase
with the farmer and obtain approval for fur-
ther planning.

Detailed field investigation. To design an
efficient water table management system,
soil type and arrangement of soil horizons,
soil hydraulic properties, crops, water sup-
ply. and various climatological and topo-
graphical parameters should be considered.
Soil type, arrangement of soil horizons, soil
hydraulic properties, and hydraulic conduc-
tivity (lateral conductivity values and soil-
water characteristics data) determine drain
line depth and spacing.

The crop and its rooting system can in-
fluence system design. For example, certain
crops. such as blueberries, are more tolerant
to drought than such crops as corn. Thus,
a wider drain spacing can be used for blue-
berries than with corn. Limitations created
by tillage pans or acidic subsoils, conditions
common in North Carolina, should be con-
sidered in determining the effective root
zone depth (7). Crop rotation on the site may
be considered.

An accurate topographic map is necessary
to evaluate the slope of the land and its ade-
quacy for any type of water table manage-
ment system. A general guideline is to in-
stall the drain lines perpendicular to the
slope of the land. However, this guideline
may be modified, depending on the site con-
ditions. Small contour intervals (6 to 12
inches) are necessary to evaluate the loca-
tion and number of control structures
necessary for creating uniform water tables.
Doty and associates reported steps required
to design a controlied drainage-subirrigation
system for several soils in humid areas (5).
They produced a nomogram of soils that can
be used as a design guide. The nomogram
uses soil hydraulic conductivity, approx-
imate drain spacing, and ratio of a controlled
drainage-subirrigation system spacings to
subsurface drainage spacings.

Climatological data, such as rainfall,
temperature, and solar radition, are impor-
tant parameters. Knowledge of climatolog-
ical data can provide a good understanding
of crop water use and periods of peak water
requirement. Crop water requirement infor-
mation is necessary for a controlled

drainage-subirrigation system to determine
the external water supply size, pumping
plant size, and overall management strategy.
Design criteria also should be evaluated for
each site based on economic as well as en-
vironmental quality considerations.

Design computations. Detailed field in-
vestigation enables the design engineer to
compute proper drain depth, drain spacing,
drain grades, number and size of control
structures needed to maintain a uniform
water table, and a proper pump capacity re-
quired for both the water supply and the
drainage outlet, if a sump is used at the
outlet. Soil horizon arrangement data. to-
pography, and crop rooting characteristics
will help to determine the proper drain
depth, which generally ranges from three 1o
five feet, depending upon site conditions (7).
Soil hydraulic conductivity values and depth
to impermeable layer will enable the engi-
neer to evaluate the drain spacings, using the
Hooghoudt’s steady state drainage rate
method for drainage conditions. However,
other procedures must be used 1o evaluate
the drain spacings if subirrigation is a part
of the overall plan (7).

DRAINMOD, a water table management
model for shallow water table conditions, is
probably the most comprehensive model
available for design of subsurface drainage,
controlled drainage, and controlled drain-
age-subirrigation systems, provided the re-
quired input data are available (27). This
model operates on an IBM-compatible per-
sonal computer and provides on-screen in-
structions for the user. Thus, the final design
should be evaluated using DRAINMOD's
long-term simulations.

System layout and installation. Using the
information obtained during the first three
steps, the design engineer needs to prepare
a map showing the field, location of laterals
and mains, and location and number of con-
trol structures. For example, minimum
grades for four-inch plastic tubing may be
0.55 percent and 0.07 percent for soils with
and without a siltation problem, respective-
ly. Appropriate grades for drain lines must
be specified using the available design stan-
dards and site information (/). Information
regarding the type of water table manage-
ment system—for example, an open ditch
and a closed system where laterals discharge
into an open ditch and control structures are
located within the ditch and a closed system
where laterals discharge into a nonperforated
main drain and float-operated control struc-
tures are installed on the main line—should
be specified before final installation. The
closed system has an operational advantage
over the open ditch system because of flex-
ibility in raising the water table to a level
higher than the ground surface, which in-
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creases the hydraulic gradient and speeds up
the subirrigation phase (22).

A contour map prepared during the sec-
ond phase of planning must be used to iden-
tify the location and grade of the drain lines
as well as the control structures. Locations
of the control structures are selected so that
they provide the most uniform water table
elevations possible. Water table fluctuations
of 1to 1.5 feet and 0.5 to 0.67 foot may be
tolerated for grain crops and shallow rooted
vegetable crops, respectively (7).

Once the system layout is completed on
a well-prepared map, the size, spacing. and
grade of drain lines as well as the size and
capacity of the control structures are spec-
ified. A contractor then may initiate the in-
stallation according to specifications. Auto-
level. laser-controlled plows and trenchers
that provide accurate and fast instaliation of
the system presently are available. However,
caution is necessary regarding the hand in-
stallation of laterals and main to the drain
in a closed system to ensure that none will
be left unattached.

Operation and management. This task is
one of the most important aspects of the
overall effort; traditionally, it has been per-
formed by the producer and most usually on
a trial-and-error basis. Selecting the proper
weir elevation, maintenance of the system,
and timing of the subirrigation and drainage
phases are all part of the operation and man-
agement of the system. On large-scale fields
(100 acres) there may be high spots and
depressions that were not considered in
designing the depth and spacings of the drain
lines because of the economics of the sys-
tem. During the operation mode, however,
a producer may adjust the control structure
setting so that neither drought in high spots
nor excess water in depressions will harm

the crop. Similarly, knowing when to reverse
from the drainage mode to the subirrigation
mode in a controlled drainage-subirrigation
system requires experience as well as soil
moisture measurement, using such devices
as tensiometers. Tensiometers indicate the
soil-water potential from which one may
Judge the timing of subirrigation. Weather
forecasts can be used to evaluate the time
for lowering the water table to provide prop-
er storage for incoming rain.

Manual adjustment of the control struc-
ture setting is laborious; consequently, it is
often not adjusted because of the farmer’s
conflicting schedule. Recent developments
have enabled linking weather forecast data
to the control structures through computers,
modems, and telephone lines (/). This ap-
proach allows selection of the weir elevation
in the field from a remote location based on
the weather forecast data, probability of
rainfall occurrence, and system character-
istics. This system has been used only in a
research setting in the Lower Mississippi
Valley; its applicati. n to other areas as well
as its economic feasibilty for a farmer’s use
need to be evaluated.

Trends in the humid East

Surface and subsurface drainage of rural
land for agricultural purposes continued to
increase in the United States from 1900 and
1985, respectively. The slower pace at which
surface drainage was used after 1975 may be
attributed to the decrease in the economic
vitality of agricultural production and the in-
creased public concern for surface water
quality. Skaggs reported that surface drain-
age systems tend to have higher runoff rates,
with higher concentrations of sediment,
phosphorus, and pesticides, than do subsur-

face drainage systems (29). However, out-
flow water from subsurface drainage systems
has a higher concentration of nitrates. Con-
trolled drainage and controlled drainage-
subirrigation systems have become more
popular. Water table management can reduce
nitrate outflow because of increased
denitrification (/4), which has supported the
increased popularity of water table manage-
ment systems in the last decade.
However, the land area under water table
management (controlled drainage) in 1989
was an insignificant percentage of the total
area of wet soils in seven eastern U.S. states.
Hesitancy on the part of farmers to use water
table management systems may be attributed
to several factors. First, and possibly most
important, is the lack of understanding re-
garding proper management of these sys-
tems. Unfamiliarity with the relatively new
water table management concept may be
perceived as a high risk by farmers, par-
ticularly with respect to expected yield and
profitability. Second, there 1s a lack of
broad-based research data to assess or
predict the impact of these systems on sur-
face water and groundwater quality. This
may be more of a social or political barrier.
Third. producers have not had capital to in-
vest in water table management systems.
However, water table management is grow-
ing, especially in states where the water
quality benefits have been documented. This
has led to cost-share incentives to promote
installations for improved water quality.

Problems and future needs

Problems related to water table manage-
ment for a field-scale hydrologic unit may
vary depending upon the location, soils,
climate, design, and management strategy

‘Areal extent of water table management in seven states in the Atlantic Coastal Plain

Cropland with

*Statisticsare;
tPersonal 'com

of Agricultu
~interpreted .as

.Cropland Drained* Water Table Management}
e e Total Percent of Total -Percent of -
States Land Area Drained Total Cropland * Acres Cropland (%) Acres Cropland (%)
acres :
Delaware 321,000 25 2,000 0.16
‘Maryland « 907,000 30 1,500 0.05
:,Vlrgmla T St e - 5,000 -
North: Carolma -5,400;,000. 25 150,000 1.54
South Carolina 21,755,000 25 3,000 0.07
Georgia 1,545,000 8 500 0.01
Florida N 6 292 000 14 1,500,000 23.84
Total for 7 states. 20 1,662,000 5.31
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for each system (4, 5, 10, 19, 23, 28). How-
ever, the impact of water table management
systems on surface water and groundwater
loading of nutrients and pesticides either has
not been adaquately studied or available data
are geographicall; limited and inconclusive.
The national concern for water quality has
resulted in some misconceptions and opposi-
tion to drainage in most states. The degree of
public opposition has varied, depending
upon the geographic location, level of public
awareness, and availability of applicable and
convincing research data. For example, lack
of management information about water
table management systems on soils formed
from sedimentary deposits on the Eastern
Shore of Maryland and the public opposi-
tion to the.Upper Chester River Watershed
Plan have been major factors behind the lack
of funding for the development of these sys-
tems in Maryland. The Upper Chester River
Watershed Plan was proposed more than 10
years ago by SCS and provided for 97 miles
of channel dredging for flood protection and
effective water table management. Similar
problems, differing in degree and nature, ex-
ist in Virginia, Delaware, North Carolina,
South Carolina, Georgia, and Florida. None
of these states have adequate data on the
movement and fate of agricultural chemicals,
especially with respect to pesticides, for
water table management systems.
Acceptance and installation of water table
management systems in the future depends
upon development of high-quality research
data to answer the identified problems.
Much of the land drained using traditional
systems, which constitutes a fair percentage
of wet soils in each state, could be managed
more effectively by using controlled drain-
age or drainage and subirrigation. However,
the conversion of significant numbers of
these systems will not occur unless improved
information related to design, operation, and
management of these systems and the fate

of organic and inorganic chemicals in these
systems is available. Reliable data and im-
proved public education and awareness may
promote the acceptance of water table man-
agement systems and result in increased
yield and improved environmental quality.
However, larger amounts of federal, state,
and private funding are required 1o collect
adequate research data regarding water table
management systemns if significant progress
is to be made during the next decade.
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